A remote but significant sequence homology between glycoside hydrolase clan GH-H and family GH31  by Janeček, Štefan et al.
FEBS Letters 581 (2007) 1261–1268A remote but signiﬁcant sequence homology between glycoside
hydrolase clan GH-H and family GH31
Sˇtefan Janecˇeka,*, Birte Svenssonb, E. Ann MacGregorc
a Institute of Molecular Biology, Slovak Academy of Sciences, Du´bravska´ cesta 21, SK-84551 Bratislava, Slovakia
b Enzyme and Protein Chemistry, BioCentrum-DTU, Technical University of Denmark, Søltofts Plads, DK-2800 Kgs. Lyngby, Denmark
c 2 Nicklaus Green, Livingston, EH54 8RX, West Lothian, UK
Received 11 December 2006; revised 2 February 2007; accepted 19 February 2007
Available online 28 February 2007
Edited by Hans EklundAbstract Although both the a-amylase super-family, i.e. the
glycoside hydrolase (GH) clan GH-H (the GH families 13, 70
and 77), and family GH31 share some characteristics, their dif-
ferent catalytic machinery prevents classiﬁcation of GH31 in
clan GH-H. A signiﬁcant but remote evolutionary relatedness
is, however, proposed for clan GH-H with GH31. A sequence
alignment, based on the idea that residues equivalent in the pri-
mordial catalytic GH-H/GH31 (b/a)8-barrel may not be found in
the present-day GH-H and GH31 structures at strictly equiva-
lent positions, shows remote sequence homologies covering b3,
b4, b7 and b8 of the GH-H and GH31 (b/a)8-barrels. Structure
comparison of GH13 a-amylase and GH31 a-xylosidase guided
alignment of GH-H and GH31 members for construction of evo-
lutionary trees. The closest sequence relationship displayed by
GH31 is to GH77 of clan GH-H.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Many proteins and enzymes form structural families, often
without obvious functional similarity. On the other hand, func-
tionally related proteins and enzymes exist that clearly do not
share evolutionary homology. Glycoside hydrolases (GHs)
can be very good examples of the above-mentioned phenom-
ena. Because of the great variety of naturally occurring saccha-
rides, a large number of carbohydrate-metabolising enzymes
have evolved. A sequence-based classiﬁcation system of GHs
[1] available at the CAZy (Carbohydrate-Active enZymes)
web-site [2] is independent of EC numbers given to members
of any GH family. The individual GH families are deﬁned so-
lely by similarities in primary structures which, in turn, are
found to reﬂect reaction mechanism, catalytic machinery and
fold, i.e. evolution. Of the more than 100 GH families deﬁned
at present in CAZy, the typical starch hydrolases and relatedAbbreviations: GH, glycoside hydrolase; TIM, triose phosphate isom-
erase
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doi:10.1016/j.febslet.2007.02.036enzymes are found in families 13, 14, 15, 31, 57, 70 and 77
[3–5]. Family GH13 is well known as the a-amylase family
and, together with GH70 and GH77, forms clan GH-H [6–
10]. This analysis focuses on clan GH-H and family GH31.
Family GH13 is one of the largest GH families, with more
than 2500 sequences [2]. The enzymes have almost 30 diﬀerent
speciﬁcities, such as cyclodextrin glucanotransferase, a-gluco-
sidase, isoamylase, neopullulanase, branching enzyme, etc.,
in addition to a-amylase [3–10]. Further, three-dimensional
structures are known for enzymes representing approximately
20 of these speciﬁcities. The main structural feature is the cen-
tral catalytic (b/a)8-barrel domain (i.e. a TIM-barrel fold), in
most cases having a distinct domain (called domain B) pro-
truding from the barrel in the place of loop 3 (b3ﬁ a3 connec-
tion) [11,12]. Family GH77 enzymes contain this (b/a)8-barrel,
but lack domain C found C-terminal to the barrel in GH13
enzymes (see, for example [13]). Family GH70, in contrast, is
believed to possess a circularly permuted version of the
GH13-type (b/a)8-barrel [14]. Enzymes of the entire clan
GH-H are characterised by several (from 4 to 7) conserved se-
quence regions [15,16] and a common catalytic machinery
involving an aspartate in strand b4, a glutamate in strand
b5, and an aspartate after strand b7 that are essential for activ-
ity [3–11,17]. These three constitute the only invariant residues
in GH-H [18], aspartate at the b4-strand acting as catalytic
nucleophile and the b5-strand glutamate as general acid/base
catalyst [19].
GH13 and GH31 share a retaining catalytic mechanism and
enzymes with a-glucosidase speciﬁcity [2,6,20]. At the sequence
level, however, similarity between the two families is not obvi-
ous, but remote evolutionary relatedness between GH13 and
GH31 was indicated by results achieved with iterative database
searches [21] and fold recognition threading methods [22]. The
former study identiﬁed conservation of the catalytic nucleo-
phile aspartate at b4-strand in both families, while the latter re-
vealed structural similarities between the catalytic domains.
These observations were conﬁrmed when determination of
structures [23,24] showed that basic characteristics of GH31
are shared with GH13, i.e. a (b/a)8-barrel catalytic domain car-
rying an excursion at the position of loop 3. In GH31, how-
ever, two aspartate residues situated at strands b4 and b6 act
as catalytic nucleophile and general acid/base catalyst [23–
25]. Thus families GH13 and GH31 share the catalytic aspar-
tate at b4, whereas the acid/base is glutamate at b5 in GH13
and aspartate at b6 in GH31. Since the catalytic machinery
is not conserved, it is not possible to group the two families
in a common clan according to the GH clan deﬁnition [26].blished by Elsevier B.V. All rights reserved.
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but signiﬁcant homology between GH13 and GH31, based on
a bioinformatics analysis of the two GH families. It is pro-
posed that both families might have evolved from a common
ancestor. In addition, some evolutionary relationships within
clan GH-H are also investigated.2. Materials and methods
The amino acid sequences representing the individual enzyme spec-
iﬁcities of both the a-amylase ‘‘super-family’’ (i.e. the clan GH-H) and
family GH31 used in the present study are listed in Table 1. To include
a speciﬁc sequence in the analysed set, two main criteria were applied:
(i) the protein should represent a biochemically well-characterised en-
zyme speciﬁcity; and (ii) members with solved three-dimensional struc-
ture were preferred. Sequences and structures were retrieved from the
SwissProt [27] and PDB [28] databases, respectively. Three-dimen-
sional structures were displayed with the program WEBLABVIEWER-
LITE 4.0 (Accelrys Ltd., Cambridge, UK; http://www.accelrys.com/).
MULTIPROT [29] structural alignments of the following pairs of en-
zymes were carried out: GH13 a-amylase from Aspergillus oryzae
(PDB code 7TAA) [30] with chicken triose phosphate isomeraseTable 1
List of enzymes from clan GH-H and family GH31 used in the present stud
Family EC Enzyme Abbreviation
GH13 3.2.1.1 a-Amylase GH13-Aspor
2.4.1.19 Cyclodextrin glucanotransferase GH13-Bacci-
3.2.1.10 Oligo-1,6-glucosidase GH13-Bacce
3.2.1.60 Maltotetraohydrolase GH13-Psest-
3.2.1.68 Isoamylase GH13-Pseam
3.2.1.133 Maltogenic amylase GH13-Thesp
3.2.1.133 Maltogenic a-amylase GH13-Bacst-
3.2.1.141 Maltooligosyltrehalose hydrolase GH13-Sulso-
2.4.1.4 Amylosucrase GH13-Neipo
2.4.1.- Maltosyltransferase GH13-Thtm
2.4.1.25 4-a-Glucanotransferase GH13-Thtm
2.4.1.18 Glucan branching enzyme GH13-Ascco
3.2.1.54 Cyclomaltodextrinase GH13-Bacsp
3.2.1.135 Neopullulanase GH13-Bacst-
5.4.99.11 Isomaltulose synthase GH13-Klesp
5.4.99.15 Maltooligosyltrehalose synthase GH13-Sulac-
2.4.1.7 Sucrose phosphorylase GH13-Bifad-
3.2.1.98 Maltohexaohydrolase GH13-Bacsp
3.2.1.41 Pullulanase GH13-Klepn
3.2.1.20 a-Glucosidase GH13-Sacca
3.2.1.1/41 Amylopullulanase GH13-Thbsa
3.2.1.70 Dextran glucosidase GH13-Stcmu
3.2.1.93 Trehalose-6-phosphate hydrolase GH13-Bacsu
3.2.1.116 Maltotriohydrolase GH13-Nacam
3.2.1.- Maltopentaohydrolase GH13-Psesp
3.2.1.- Sucrose hydrolase GH13-Xanax
2.4.1.25/3.2.1.33 Glucan debranching enzyme GH13-Orycu
5.4.99.16 Trehalose synthase GH13-Pimsp
GH70 2.4.1.7 Glucosyltransferase GH70-Stcso-
2.4.1.141 Alternan sucrase GH70-Leum
GH77 2.4.1.25 4-a-Glucanotransferase GH77-Theaq
2.4.1.25 4-a-Glucanotransferase GH77-Borbu
GH31 3.2.1.- a-Xylosidase GH31-Escco
3.2.1.20 a-Glucosidase GH31-Sulso-
3.2.1.48/3.2.1.10 Sucrase-isomaltase SUI
3.2.1.48 Sucrase subunit GH31-Orycu
3.2.1.10 Isomaltase subunit GH31-Orycu
2.4.1.- 3-a-Isomaltosyltransferase GH31-Spogl
2.4.1.- 6-a-Glucosyltransferase GH31-Spogl
4.2.2.13 a-1,4-Glucan lyase GH31-Grale(PDB code 1TIM) [31] or GH31 a-xylosidase from Escherichia coli
(PDB code 1XSJ) [23] or GH31 a-glucosidase from Sulfolobus solfa-
taricus (PDB code 2G3M) [24], and the chicken triose phosphate isom-
erase with the E. coli a-xylosidase.
Sequence alignment of the GH-H and GH31 members listed in
Table 1 was based on the MULTIPROT structural alignment of repre-
sentatives of the two GH families: GH13 a-amylase from A. oryzae
[30] and E. coli a-xylosidase of GH31 [23]. The remaining speciﬁcities
from both GH-H and GH31 were added to this structural alignment of
GH13 a-amylase and GH31 a-xylosidase, based mainly on the
authors’ prior experience and background in bioinformatics analysis
of these enzymes and using the information retrieved from the PFAM
database [32] and obtained by BLAST searches [33]. For routine align-
ing, the program CLUSTALW [34] was used. Information already avail-
able on the conserved sequence regions in clan GH-H [14,16] was also
used. The GH-H/GH31 alignment spanned the (b/a)8-barrel domain
(i.e. from b1 to a8) including the domain B between b3 and a3. For
the two GH70 members, domain B was omitted since no three-dimen-
sional structure is available and there is large uncertainty in that region
due to circular permutation in the (b/a)8-barrel [14].
The evolutionary tree was calculated on the European Bioinformat-
ics Institute’s server for CLUSTALW (http://www.ebi.ac.uk/clustalw/)
as Phylip-tree type [35] using the complete ﬁnal alignment (from b1
to a8). Gaps in the alignment were excluded. The tree was displayed
with the program TREEVIEW [36].y
Source SwissProt PDB
-AAMY Aspergillus oryzae P0C1B3 7taa
CGT Bacillus circulans No.8 P30920 1cgt
-OGLU Bacillus cereus P21332 1uok
M4H Pseudomonas stutzeri P13507 2amg
-ISA Pseudomonas amyloderamosa P10342 1bf2
-MGA Thermus sp. IM6501 O69007 1sma
MGAA Bacillus stearothermophilus P19531 1qho
MOTH Sulfolobus solfataricus Q55088 1eha
-AMSU Neisseria polysaccharea Q9ZEU2 1g5a
a-MT Thermotoga maritima O33838 1gju
a-4AGT Thermotoga maritima P80099 1lwh
-BE Escherichia coli P07762 1m7x
-CMD Bacillus sp. I-5 Q59226 1ea9
NPU Bacillus stearothermophilus P38940 1j0h
-ISMS Klebsiella sp. LX3 Q8KR84 1m53
MOTS Sulfolobus acidocaldarius Q53688 1iv8
SPH Biﬁdobacterium adolescentis Q84HQ2 1r7a
-M6H Bacillus sp. 707 P19571 1wp6
-PUL Klebsiella pneumoniae P07811 2fhf
-AGLU Saccharomyces carlsbergensis P07265 –
-APU Thermoanaerobacter saccharolyticum P36905 –
-DGLU Streptococcus mutans Q99040 –
-T6PH Bacillus subtilis P39795 –
-M3H Natronococcus amylolyticus Q60224 –
-M5H Pseudomonas sp. KO-8940 Q52516 –
-SH Xanthomonas axonopodis Q6UVM5 –
-GDE Oryctolagus cuniculus P35574 –
-TS Pimelobacter sp. R48 P72235 –
GTF Streptococcus sobrinus P11001 –
e-ALSU Leuconostoc mesenteroides Q9RE05 –
-4AGT Thermus aquaticus O87172 1esw
-4AGT Borrelia burgdorferi O51188 –
-AXYL Escherichia coli P31434 1xsj
AGLU Sulfolobus solfataricus O59645 2g3m
Oryctolagus cuniculus P07768 –
-SUIs
-SUIi
-3IMT Sporosarcina globispora Q84IQ3 –
-6GTF Sporosarcina globispora Q84IQ2 –
-AGLY Gracilariopsis lemaneiformis Q9STC1 –
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3.1. Structure-based comparison
The ﬁrst available three-dimensional structures of GH31 en-
zymes [23,24] allowed the comparison of GH13 and GH31 in
detail (Fig. 1). The alignment of the three-dimensional struc-
tures of the a-amylase from A. oryzae [30] representing
GH13 and a-xylosidase from E. coli [23] representing GH31,
using MULTIPROT [29], resulted in 202 corresponding residues
spanning all three domains A, B and C of the GH13 a-amylase
(root-mean-square deviation 1.89 A˚ between the Ca atoms).
While the 11 correspondences within 129 positions for
domains C are probably not signiﬁcant, the remaining 191
within the consensus length of 437 residues of the catalytic
(b/a)8-barrels emphasize important similarity (Table 2 and
Fig. 1 a,b).
This alignment is valid beyond simply aligning any two (b/
a)8-barrel proteins since the archetypal TIM-barrel protein,
chicken triose phosphate isomerase [31], gave alignment
lengths of 94 and 116 at root-mean-square deviations of
2.01 A˚ and 1.91 A˚ with the A. oryzae a-amylase and E. coli
a-xylosidase, respectively. Furthermore, MULTIPROT align-
ment of the a-amylase with GH31 S. solfataricus a-glucosidase
gave a structural alignment of 191 residues at a root-mean-
square deviation of 1.90 A˚, i.e. the barrels of GH31 enzymes
are more similar to those of GH13 than to TIM barrels in gen-
eral.
Although the catalytic machineries diﬀer between the two
GH families, remarkable similarity is observed for the side-
chain orientation of the GH31 b6-aspartate (proton donor)
[23–25] and the GH13 b7-aspartate (transition-state stabiliser)
[19,37], and for the positioning of the respective b-strands
(Fig. 1c). In addition to the structural alignment of the
nucleophiles (b4-aspartate), there is also a signiﬁcant corre-
spondence between the a-xylosidase Arg466 at b5 and the
a-amylase acid-base catalyst (b5-Glu230). Lovering et al. [23]
showed that Arg466 is likely to interact directly with substrate,
and conservation of this arginine throughout GH31 [23–25,38]
indicates its importance at the active site. Its role is, however,
still unknown. Thus three critical residues of both GH13 and
GH31 appear to be closely aligned (Fig. 1c).
All data from the structure-based sequence comparison are
summarised in Table 2. The higher number of both sequence
identities and structurally equivalent residues was seen for
the ﬁrst half of the (b/a)8-barrel domain and was also found
in the analogous A. oryzae a-amylase/S. solfataricus a-glucosi-
dase comparison (data not shown). In the case of several gly-
coside hydrolases, the N-terminal (b/a)4-half is more
conserved, since various GH families can be aligned, at least
to some extent, in the region that roughly spans their N-termi-
nal (b/a)4-halves. This was ﬁrst demonstrated for GH families
27, 31, 36 and 66 [21] that may share a common evolutionary
origin with family GH13, and all contain the aspartate at b4 as
catalytic nucleophile [21,23,24]. It appears (Table 2) that, for
GH13 and GH31, the N-terminal (b/a)4-half is better con-
served than its C-terminal counterpart. Two six-way MULTI-
PROT comparisons of the two available family 31 structures
with four structures from either family 13 or family 77 also
indicated better conservation of structure in the N-terminal
half than in the C-terminal half barrel (data not shown).
Recently a theory of half-TIM-barrel fold evolution [39–42]
has been proposed, according to which the (b/a)8-barrel foldmay have evolved by tandem duplication and fusion from an
ancestral half (b/a)4-barrel [40]. Such a possibility was experi-
mentally documented for TIM-barrel-fold enzymes involved in
histidine and tryptophan biosynthesis pathways [41,42]. Since
a satisfactory alignment of the N-terminal (b/a)4-half barrel
with the C-terminal (b/a)4-half barrel of GH-H and GH31 en-
zymes cannot readily be achieved, because the two halves are
too unlike each other, the ‘‘half-barrel’’ duplication theory is
not likely to apply for these glycoside hydrolases. Divergent
evolution of N-terminal and C-terminal half barrels has on
the other hand been suggested for phosphoinositide-speciﬁc
phospholipases [43] where diﬀerent enzymes have greater
resemblance between N-terminal than C-terminal half-barrels,
and this may also apply to GH-H and GH31 enzymes.
3.2. Remote sequence homologies
One of the main aims of this article is to examine the possi-
bility of the present-day families GH13 (or clan GH-H) and
GH31 sharing a common ancestor. The divergence, however,
is too large for the representatives existing today to be consid-
ered as members of the same GH clan [26], although they
adopt a similar structural fold (TIM-barrel with domain B)
and employ a retaining reaction mechanism catalysed, how-
ever, by non-identical catalytic machineries.
To identify residues that reﬂect remote homology between
GH13 (or clan GH-H) and GH31, it is necessary to accept that
residues equivalent in primordial versions of the GH13/GH31
barrel may not be in structurally strictly equivalent positions in
the present-day GH13 and GH31 (b/a)8-barrels. This means
that some functionally important and conserved residues in
GH13 (or clan GH-H) may still have their counterparts in
GH31 and vice versa, but the remote homologies do not nec-
essarily lend themselves to structure-based sequence compari-
son (Fig. 1b). Moreover, due to very large divergence,
original functions of important residues from the primordial
GH13/GH31 (b/a)8-barrel may no longer be preserved in both
clan GH-H and GH31 enzymes.
The proposed remote sequence homologies between repre-
sentatives of clan GH-H and family GH31 are illustrated in
Fig. 2. They cover two stretches within the N-terminal (b/
a)4-half barrel (around b3 and b4) and two shorter stretches
in the C-terminal (b/a)4-half barrel (around b7 and b8). Some
N-terminal homologies were already demonstrated in a previ-
ous bioinformatics analysis [21], especially near b4 with
the catalytic nucleophile (Asp206 in GH13 vs. Asp416 in
GH31).
The novelty of the approach presented here is that in order
to maximise sequence similarity (identity) the correspondences
derived from three-dimensional structural positions are not ta-
ken strictly into account. Thus, for example, the aspartates
near the C-terminus of the b3 (Fig. 2; a residue important
for structural integrity in GH13) are not structurally fully
equivalent (cf. Fig. 1b). The two remote homologies in the
C-terminal parts (Fig. 2) are even more prominent examples
of such subtle sequence adjustment. The aspartate near the
C-terminus of b7 is: (i) in GH-H an invariant catalytic site res-
idue [3–11]; and (ii) in GH31 an invariant and important resi-
due [23–25]. Structurally, however, the two aspartates do not
correspond to each other (Fig. 1b), whereas in the (b/a)8-barrel
topology an aspartate, structurally related to that at b7 of
GH13, is found at b6 in GH31 (Fig. 1c). Similarly, aligned res-
idues around strand b8 are not structural equivalents in GH-H
ab
c
Fig. 1. Structure-based comparison of the GH13 a-amylase from A. oryzae and GH31 a-xylosidase from E. coli. (a) Superimposed structures of the
(b/a)8-barrels (a-amylase in blue; a-xylosidase in red) with highlighted catalytic residues. The barrel b-strands are oriented anti-clockwise from the N-
terminus to the C-terminus. (b) Structure-based sequence alignment (corresponding residues are highlighted in yellow). Identities are shown in italics
and catalytic residues are in red bold font. (c) Overlay of the catalytic residues with corresponding b-strand segments (a-amylase in blue; a-xylosidase
in red). In addition to catalytic residues b4-Asp206, b5-Glu230 and b7-Asp297 (a-amylase) and b4-Asp416 and b6-Asp482 (a-xylosidase), GH31 b5-
Arg466 corresponding in position to the GH13 acid/base catalyst is shown.
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Table 2
Analysis of structure-based alignment of GH13 a-amylase and GH31
a-xylosidase
Comparison (length)a Identities (%) Correspondences (%)c
(b/a)8-barrel (437)
b 23 (5.3) 191 (43.7)
b1ﬁ a4 part (259) 16 (6.2) 119 (46.0)
b5ﬁ a8 part (178) 7 (3.9) 72 (40.5)
Domain C (129) 2 (1.5) 11 (8.5)
aLength means the length of the alignment including the gaps.
bThe (b/a)8-barrel here also involves the domain B inserted between
strand b3 and helix a3.
cCorrespondences are those residues in the proteins studied, where the
Ca atoms are aligned by MULTIPROT within an average root-mean-
square deviation of 1.89 A˚.
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quence regions in GH-H [16] and GH31 [38]. The conserved
aromatic residues (Fig. 2) appear to support further the
homology. Fig. 2 shows not only the alignment of closely re-
lated proteins (within clan GH-H or within family GH31),
but also the remote homologies between families of proteins
(clan GH-H and family GH31) that are diﬀerent in terms of
their catalytic machineries. It can be seen that the aromatic res-
idues are concentrated within very short, well-deﬁned regions
(Fig. 2) representing the remote homologies, supporting the
idea that their primordial TIM-barrels shared a common
ancestor.Fig. 2. Regions of remote sequence homology between clan GH-H (families
shifted relative to each other compared with structure-based alignment (Fig
correspondence) between clan GH-H and GH31. Known secondary structure
are indicated above and below the alignment, respectively. Colour code for sel
yellow; arginine, lysine – turquoise; glycine – red; phenylalanine, tyrosine, tr3.3. Evolutionary relationships
The structure-based alignment of two GH13 and GH31 pro-
teins (Fig. 1b) enabled us, for the ﬁrst time, to align a substan-
tial part of the sequences from the catalytic domains of all
speciﬁcities (see Table 1) from clan GH-H and family GH31
(alignment not shown). The consensus length of the ﬁnal align-
ment was 442 positions including 191 correspondences from
the structural alignment, resulting in 131 aligned amino acid
residues after deleting all sites with a gap in any sequence.
The evolutionary tree shown in Fig. 3 is based on the ﬁnal
alignment that spans roughly the (b/a)8-barrel including the
domains B. The basic information obtained from the tree is
that GH31 has retained its own independence and GH77 of
clan GH-H is the closest relative to GH31. It is worth mention-
ing that the GH77 4-a-glucanotransferases from Borrelia
[44,45] are the only representatives of the entire a-amylase
family that contain lysine instead of the otherwise invariant
arginine at two positions in the sequence before the catalytic
nucleophile b4 aspartate [18]. In GH31 a conserved trypto-
phan predominates at the corresponding position [46,47]. A ly-
sine residue is, however, found occasionally (Fig. 2). Both this
lysine and the corresponding arginine of GH-H are known to
interact directly with substrate [23,37], but equivalent informa-
tion is not yet available on the GH31 tryptophan. Several pair-
wise Multiprot comparisons of two GH31 structures with four
GH77 structures and four GH13 structures have shown that,
in general, the GH31 enzymes align better with GH13 enzymesGH13, GH70, GH77) and GH31 enzymes. Some of the residues are
. 1b) to emphasize possible remote homologies (i.e. to achieve more
elements for GH13 A. oryzae a-amylase and GH31 E. coli a-xylosidase
ected residues: aspartate, glutamate – green; valine, leucine, isoleucine –
yptophan – blue.
GH13
sucrose phosphorylase 
group
GH13
amylosucrase 
group 
0.1
GH13 Aspor AAMY
GH13 Sacca AGLU
GH13 Klesp ISMS
GH13 Stcmu DGLU
GH13 Bacce OGLU
GH13 Bacsu T6PH
GH13 Bacci CGT
GH13 Bacst MGAA
GH13 Nacam M3H
GH13 Psesp M5HGH13 Psest M4H
GH13 Bacsp M6H
GH13 Thbsa APU
GH13 Bacsp CMD
GH13 Thesp MGA
GH13 Bacst NPU
GH13 Thtma 4AGT
GH13 Pimsp TS
GH13 Neipo AMSU
GH13 Xanax SH
GH13 Pseam ISA
GH13 Escco BE
GH70 Stcso GTF
GH70 Leume ALSU
GH13 Sulac MOTS
GH13 Thtma MT
GH13 Bifad SPH
GH13 Orycu GDE
GH77 Theaq 4AGT
GH77 Borbu 4AGT
GH31 Escco AXYL
GH31 Spogl 3IMT
GH31 Spogl 6GTF
GH31 Grale AGLY
GH31 Sulso AGLU
GH31 Orycu SUIs
GH31 Orycu SUIi
GH13 Sulso MOTH
GH13 Klepn PUL
GH13
oligo-1,6-glucosidase
subfamily
GH13
CGTase subfamily
GH31
GH77
GH13
neopullulanase
subfamily
GH13
pullulanase
subfamily
GH70 
Alpha-amylase 
Fig. 3. Evolutionary tree of clan GH-H and family GH31 (blue). Families GH31, 70 and 77 and subfamilies of GH13 are all shown in diﬀerent
colours. The tree was based on an alignment spanning, in both families, the catalytic (b/a)8-barrel including domain B (consensus length 442
positions) and calculated with exclusion of the gaps (131 aligned amino acid residues).
1266 Sˇ. Janecˇek et al. / FEBS Letters 581 (2007) 1261–1268than GH77 enzymes (data not shown). It is evident that
although the family GH31 shows up as more closely related
to GH77 on the evolutionary tree (Fig. 3) i.e. in terms of se-
quence, this does not seem to be the case for structure. It thus
should be emphasised that there is a diﬀerence in relatedness of
sequence and structure between GH13/77 and GH31 enzymes.
The tree (Fig. 3) reﬂects the similarities and diﬀerences be-
tween clan GH-H and family GH31, and in addition contrib-
utes several novel ﬁndings to the evolutionary relationships
known previously within the a-amylase family [10,48–51]: (i)
the circularly permuted GH70 family (glucosyltransferase
and alternansucrase) is most closely related to the pullulanase
subfamily of GH13 represented by pullulanase, isoamylase,
maltooligosyl trehalose hydrolase and branching enzyme; (ii)
the oligo-1,6-glucosidase subfamily (oligo-1,6-glucosidase, a-
glucosidase, dextran glucosidase, trehalose-6-phosphate
hydrolase and isomaltulose synthase) is closest to the a-amy-
lase and in a wider sense to the CGTase subfamily (CGTase
and maltooligosaccharide-producing amylases); (iii) the neo-
pullulanase subfamily (neopullulanase, cyclomaltodextrinase
and maltogenic amylase) that may also contain amylopullulan-
ase borders on a more diverse amylosucrase group including
sucrose hydrolase, amylosucrase, trehalose synthase and 4-a-
glucanotransferase. The remaining four GH13 speciﬁcities, la-
belled as the sucrose phosphorylase group (maltooligosyl tre-
halose synthase, maltosyltransferase, sucrose phosphorylase
and glucan debranching enzyme) are either on independent
or long branches (Fig. 3). It is worth mentioning that Stam
et al. [10] have recently described a more detailed and exhaus-tive division of the GH13 family into subfamilies that shows
some agreement with results presented here (Fig. 3). The two
studies were, however, based on diﬀerent numbers of domains
of the GH13 enzymes.4. Conclusions
The (b/a)8-barrel of GH31 enzymes has been shown to be
more closely related to the barrel of clan GH-H members than
to the archetypal TIM-barrel, the relationship being closer for
the N-terminal (b/a)4-half-barrel than for the C-terminal half.
This suggests probable separate evolution of the two half bar-
rels in GH31 and clan GH-H enzymes. The relationship be-
tween GH31 and GH-H members extends further to the
positioning, but not always the nature, of three critical residues
at the active site, and also to remote sequence homologies in
both the N- and C-terminal (b/a)4-half-barrels. The ideas pre-
sented here suggest the possibility of a further level of similar-
ity of glycoside hydrolases beyond that already proposed [26].
This would apply to the relationship between GH31 and en-
zymes of the GH-H clan, which is less close than within a clan,
but includes families with related tertiary structure, partial
identity in catalytic machinery and remote sequence homolo-
gies.
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